A proliferation of mast cells around the small pulmonary blood vessels and the alveolar septae has been noted in models of pulmonary hypertension, and in plexiform lesions of pulmonary arterial hypertension (PAH) in patients. Here, we hypothesize that total mast cell numbers and activation are increased in PAH and that they contribute to vascular remodeling through cellular and soluble proangiogenic effectors. To test this, blood and urine were collected from patients with PAH (N=44), asthma (N=18) and healthy controls (N=29) to quantitate biomarkers of total body mast cell numbers and activation (total and mature tryptase, N-methyl histamine, leukotriene LTE 4 and prostaglandin PGD-M). Serum total tryptase was higher in PAH than that in controls suggesting greater numbers of mast cells, but indicators of mast cell activation (mature tryptase, LTE 4 and PGD-M) were similar among PAH, asthma, and controls. Immunohistochemistry of lung tissues identified mast cells as primarily perivascular and connective tissue chymase + type in PAH, rather than mucosal phenotype. Intervention with mast cell inhibitors cromolyn and fexofenadine was performed in 9 patients for 12 weeks to identify the influence of mast cell products on the pathologic proangiogenic environment. Treatment decreased total tryptase and LTE-4 levels over time of treatment. This occurred in parallel to a drop in vascular endothelial growth factor (VEGF) and circulating proangiogenic CD34+CD133+ progenitor cells, which suggests that mast cells may promote vascular remodeling and dysfunction. In support of this, levels of exhaled nitric oxide, a vasodilator that is generally low in PAH, increased at the end of the 12-week mast cell blockade and antihistamine. These results suggest that mast cells might contribute to the pulmonary vascular pathologic processes underlying PAH. More studies are needed to confirm their potential contribution to the disease.
Research Ar ticle
Pulmonary arterial hypertension (PAH) is a severe condition clinically defined by elevated mean pulmonary artery pressure. Endothelial and smooth muscle proliferation and dysfunction were the pathological defining features of the panvascular arteriopathic remodeling that ultimately lead to right heart failure and death. [1] [2] [3] However, treatment strategies have primarily focused on vasodilator drugs which have limited effect on long-term survival and little or no effect on the vascular remodeling. [4] Goals of new strategies are to halt or reverse the vascular remodeling; thus, investigation of pathways that may fuel the proliferative angiopathy is important for design of novel therapies. [5] In this context, mast cells play a central role in angiogenesis. [6, 7] Although derived from bone marrow progenitors (as are all hematopoietic cells), differentiation of mast cells occurs Mast cell number, phenotype, and function in human pulmonary arterial hypertension only after recruitment of the circulating progenitors into local tissues where the environment dictates the final long-lived phenotype of the cell. Mast cells are mainly localized in mucosa and connective tissues exposed to the outside world. They are critical for activation of innate and adaptive immunity. [8] However, evidence from cancer biology studies now reveal that mast cells are master regulators of angiogenesis through the production of vascular endothelial growth factor (VEGF) and release of proangiogenic proteases. [6, 7] In classic pathologic descriptions written over a century ago, Heath et al. identified mast cells as "plentiful" within plexiform lesions of idiopathic PAH (IPAH); particularly, he noted their presence in the early cellular lesions. [9] Other studies have confirmed the greater numbers of mast cells in experimental models of pulmonary hypertension. [10] [11] [12] Despite the known presence of abundant mast cells in the pulmonary vascular lesions, their role in the mechanisms of the pulmonary vascular disease is unclear. In model systems, hypoxia-related vasoconstriction and remodeling of the pulmonary artery wall were ascribed in part to release of factors from mast cells, which degranulate under hypoxic conditions. [13] This led to the speculation that mast cell secretion of a multitude of factors which affect vascular tone or activate the renin-angiotensin system likely contribute to the pathogenesis of pulmonary hypertension.
Classically, mast cells are identified in tissues by their unique positivity for tryptase, a serine proteinase, which has been identified as one of the important proangiogenic factors released by peritumoral mast cells infiltrating cancers that may contribute to neoangiogenesis of malignancies. [14, 15] The immature form of tryptase is constitutively released from mast cells, and thus serum total tryptase levels reflect mast cell numbers in the body. When activated, mature tryptase is discharged from mast cells, and this has been used as a marker of mucosal mast cell activation. Interestingly, reports suggest that mast cells in PAH are of the tryptase + /chymase + "connective tissue" phenotype. [16, 17] The serine protease chymase, independent of angiotensin converting enzymes, can lead to localized production of angiotensin II, and the activation of endothelins and matrix metalloproteases, which collectively govern vasomotor tone and neovascularization. [7, 18, 19] Thus, the perivascular lesional distribution of mast cells in the PAH lung strongly implies a pathophysiological role for mast cell products in driving the lung-specific vascular hypertension and proliferative vascular remodeling. Indeed, in murine models of pulmonary hypertension associated with left heart disease and in monocrotaline-induced rodent pulmonary hypertension, treatment with a mast cell stabilizer or use of mast cell deficient rats attenuated vascular remodeling. [20] Likewise, the early use of mast cell stabilizer cromolyn, or antagonists of the chemokine receptors involved in recruitment of mast cell progenitors, reduce the development of vascular remodeling and right ventricular hypertrophy in hypoxiainduced rodent pulmonary hypertension. [21, 22] The contribution of mast cells in the pathogenesis of human PAH is unknown, but studies identify mast cell progenitors in the circulation of IPAH patients, as well as greater numbers of progenitors and mast cells in the pulmonary arterial lesions. [23] Here, we hypothesize that mast cells contribute to PAH pathogenesis through production of secreted factors which dictate pulmonary hypertension and vascular remodeling. To test this, mast cell numbers, phenotype, and activation in PAH were compared to healthy controls and individuals with asthma, a control disease typified by high numbers and activation of mast cells. To investigate the potential contribution to the pathogenesis of PAH, mast cell degranulation products that promote angiogenesis and the mobilization and recruitment of proangiogenic myeloid progenitors were determined before and after treatment of patients with mast cell blockade cromolyn and the H1 histamine antagonist fexofenadine.
MAtERIAlS ANd MEtHodS
Blood and urine samples from individuals with PAH, asthma, and healthy controls were collected to measure mast cell products. Clinical data were collected from tests performed as part of standard of care of patients. A mechanistic investigation of cromolyn and fexofenadine to block mast cells activation was performed in a subgroup of PAH patients to determine whether mast cells contribute to the high levels of vasoactive and proangiogenic factors which contribute to the vascular remodeling of PAH. Inclusion criteria included age of at least 18 years, a diagnosis of pulmonary arterial hypertension (PAH), and stability on current PAH medications. Exclusion criteria included participation in other studies, hepatic insufficiency (transaminase levels >4-fold the upper limit of normal, bilirubin >2-fold the upper limit for normal), renal insufficiency (creatinine level, >2.0 mg/dl), pregnancy, breast feeding, lack of use of safe contraception, acute heart failure, known allergy to any of the study drugs, or history of drug or alcohol abuse within the last 12 months. None of the patients enrolled in the mechanistic study had a diagnosis of asthma. All patients provided written informed consent under an IRB-approved protocol.
Mast cell blockade-directed therapy
Individuals received treatment for 12 weeks with a mast cell stabilizer, cromolyn 800 mcg administered by a multidose inhaler with spacer by two puffs, four times a day and an antihistamine, fexofenadine, 180 mg daily. Patients were evaluated at baseline (time 0) four weeks prior to medications, and after Weeks 4, 8, and 12 of treatment. Medications were brought to each visit to check for adherence and dosage. Patients were asked at each visit on accurate use of the inhaler and compliance. Spirometry, lung diffusing capacity, brain natriuretic peptide (BNP), echocardiogram, and 6-minute walk distance were evaluated at each study visit. Blood and urine samples were obtained at each visit for measures of vasoactive and angiogenic factors produced by mast cells, and circulating proangiogenic progenitor cells.
lung function, diffusing capacity for carbon monoxide and exhaled nitric oxide Spirometry was performed on each study participant according to American Thoracic Society (ATS) Guidelines using a Viasys Master Screen spirometer (San Diego, Calif., USA). The single breath carbon monoxide diffusing capacity (DLCO) was performed weekly using a Viasys Master Screen analyzer (San Diago, Calif., USA), and measurements were performed at the same time of day on each visit to minimize the effect of diurnal variations. [24] The single-breath DLCO method by ATS standards was performed in duplicate. DLCO was not adjusted for hemoglobin or carboxyhemoglobin. Single-breath on-line measurement of fractional nitric oxide (NO) concentration in expired breath (F E NO) was measured using the NIOX (Aerocrine, N.Y., USA). [25] All analyzers were calibrated daily and weekly controls were completed to ensure accuracy.
Assessment of mast cell activation by levels of degranulation products: Serum total and mature tryptase and urinary N-methyl histamine, ltE 4 , and Pgd-M Tryptase, total and mature, was measured in serum using fluorescent enzyme immunoassay.
[26] N-methyl histamine (NMH) was extracted from urine using solidphase extraction. The elute is analyzed using liquid chromatography-tandem mass spectrometry and quantified using a stable isotope labeled internal standard. [27] LTE 4 and PGD-M were measured in urine. After urine acidification, an extraction step using an Empore C-18 solid-phase extraction column (standard density, 6 ml capacity, 3M, St. Paul, Minn., USA) was completed. The eluate was evaporated under a continuous stream of dry nitrogen, was then dissolved in 100 μl methanol, and was finally filtered using a 0.2 μm Spin-X filter (Corning, Corning, N.Y., USA). LTE 4 was measured using ultra pressure liquid chromatography/mass spectrometry. PGD-M levels were measured by mass spectrometry as described previously. [28] Evaluation of enzyme-linked immunosorbent assay for proangiogenic factors Erythropoietin (Epo), hepatocyte growth factor (HGF), stem cell factor (SCF), and VEGF were measured in plasma using quantikine enzyme-linked immunosorbent assay (ELISA) (R & D system, Minn., USA).
Mast cells numbers and types in lungs of PAH patients
Lung tissues were obtained from explanted PAH and failed donor lungs for investigation of mast cells. Formalin-fixed paraffin embedded tissue sections were stained with human monoclonal tryptase (Promega G3361, dilution 1/1000) and chymase (Abcam, ab2377, dilution 1/100). Pictures were taken of five random fields from each tissue section at 10× using a Leica DM5000B microscope, equipped with a QImaging Retiga SRY digital camera and using Image Pro v.6.2 with Oasis Turboscan module. To quantify the mast cells, the number of positive cells was counted on each picture in a blinded fashion and the average/field was used as a total number. LV ejection fraction was determined by visual assessment, and/or apical biplane volumes. LV end-diastolic and endsystolic volumes were calculated from the apical 4-and 2-chamber views using the modified Simpson method. LV fractional shortening was determined from parasternal 2D analysis as (LVEDD-LVESD/LVEDD × 100). Right ventricular (RV) end-diastolic and end-systolic areas were measured in the apical 4-chamber view by tracing the endocardial border of the RV and the tricuspid annular plane. The RV fractional area change was calculated as follows: RV end-diastolic area minus RV end-systolic area divided by RV end-diastolic area × 100. Right atrial volume was measured in the apical 4-chamber view by using the single-plane area-length method. The peak pulmonary artery systolic pressure (PASP) was estimated from the systolic pressure gradient between the RV and the right atrium by the peak continuous-wave Doppler velocity of the TR jet using the modified Bernoulli equation plus estimated right atrial pressure (RAP). RAP was estimated from the subcostal window approach measuring changes in inferior vena caval size and collapsibility as determined by the respiratory sniff test following ASE guidelines. Echo-Doppler was used to estimate the pulmonary vascular resistance (PVR). The highest Doppler continuous wave tricuspid valve peak velocity jet obtained from multiple views (parasternal long axis, parasternal short axis, apical 4-chamber, subcostal, and apical off-axis imaging) was determined as the maximum tricuspid regurgitant velocity (TRV). The pulsed wave Doppler sample was placed in the right ventricular outflow tract (RVOT) at the level of the aortic valve in the parasternal short-axis view just below the pulmonic valve so that pulmonic valve closure could be identified. The Doppler spectrum was traced to determine the time velocity integral of the RVOT. PVR was estimated as follows: PVR (Wood units) = TRV MAX (m/s) / RVOT TVI (cm) × 10 +0.16. Tricuspid annular plane systolic excursion was obtained from the apical 4-chamber RV focused view with M-mode echocardiography across the TV annulus, measuring the distance of longitudinal annular movement from end diastole to end systole toward the apex. With the exception of the TR continuous wave maximum velocity, all echo parameters were measured three times and reported as an average.
flow cytometry evaluation of proangiogenic progenitor cells
Mononuclear cells (2×10 6 ) isolated from peripheral blood and bone marrow were labeled with antihuman CD34-FITC (Becton Dickinson, N.J., USA) and antihuman CD133-PE (Miltenyi Biotec, Auburn, Calif., USA) monoclonal antibodies to quantify CD34 + CD133 + cells, as described previously. [29] Nonspecific antibody binding was analyzed in parallel with isotype-matched irrelevant antibodies. 
Statistical analysis
Descriptive measures for quantitative variables consist of means with appropriately derived standard errors in the form "mean±SE." Comparisons of PAH, asthmatic, and healthy subjects were performed using ANOVA or t-test when two means were compared. When ANOVA was significant, Tukey was performed for pairwise comparison. Spearman correlation coefficients were used to describe relationships among pairs of quantitative variables in a manner free of the normality assumption. For the mechanistic intervention, outcomes analyzed were all quantitative in nature. The changes in outcomes between visits were assessed using paired t-tests.
RESultS

Study population
Individuals with PAH (N=44), controls (N=31), and asthma (N=18) provided blood and urine for measurement of mast cell biomarkers in relation to clinical disease. PAH subjects were older (age [ Table 1 ). Due to sample limitations, not all assays could be performed in all subjects. The numbers of individuals evaluated for each assay are provided in the text. Separate from the biologic samples of blood and urine, tissue sections of explanted lungs from PAH patients (N=18) undergoing transplant or donor lungs (N=4) not used in transplantation were available for quantification of pulmonary mast cells numbers and phenotype. Nine PAH patients participated in the mast cell blockade study over 16 weeks ( Table 2 ). All participants completed the 16-week study.
Mast cells in pulmonary hypertension
Lung sections were stained for tryptase and chymase to localize, characterize, and quantitate the mast cells in the lungs. There was a higher number of tryptase + mast cells 
Effects of mast cell blockade on clinical parameters
Although the study was aimed to determine effects of mast cell blockade on proangiogenic factors and cells, clinical evaluation of patients were evaluated for potential benefits and/or adverse effects. Lung functions ( 
dISCuSSIoN
Although mast cells have long been described as abundant in the lungs of patients with PAH, [9] their contribution to the pathophysiology of the disease is unclear. In this report, mast cells are again shown to be abundantly present in PAH. In addition, the mast cell is identified as connective tissue type that expresses both tryptase and chymase proteases. [16, 17] The small mechanistic intervention with cromolyn to block mast cell degranulation and fexofenadine to block mast cell histamine vasoactive effects led to a decrease of total serum tryptase and urinary LTE 4 in parallel to a drop in proangiogenic CD34 + CD133 + cells and mast cell secreted proangiogenic VEGF. These findings suggest that mast cells may contribute to the vascular pathophysiology.
Mast cell blockade and antihistamine therapy did not translate into clinical improvement. This lack of clinical improvement is most likely multifactorial, possibly due to limited sample size and/or short duration of therapy. The mechanistic intervention included nine patients who were treated for only 12 weeks and were not powered to detect clinical improvement. Furthermore, cromolyn is a weak mast cell blocker in humans; a more potent mast cell inhibition might have provided an indication of clinical benefit. C-kit inhibitors which affect mast cells, such as imatininb, are being studied in pulmonary hypertension and have shown promising results. [30] Mast cells secrete vasomotor mediators and factors that promote angiogenesis and vascular remodeling. The patients enrolled in the study had advanced PAH and almost certainly had severe remodeling, which might also explain the lack of clinical response, and indeed even worsening clinical status by some echocardiographic parameters. In fact, our findings suggest worsening cardiac function based on TAPSE. This seems to indicate that mast cells blockade affect the Table 3 ). In addition, 6-Minute Walk was inversely related to several proangiogenic factors, including Epo, HGF, VEGF, and SCF (Epo: Spearman R=-0.6; P<0.0001; HGF: Spearman R=-0.6; P=0.0001; VEGF: Spearman R=-0.5; P=0.004; SCF: Spearman R=-0.6; P=0.006). HGF was also related to right atrial pressure and TAPSE (right atrial pressure: Spearman R=0.7; P=0.005 and TAPSE: Spearman R=-0.6; P=0.03). myocardium independently of its effect on the vasculature. Banasova et al. used cromolyn in a murine hypoxia model of pulmonary hypertension and found that if given during the very early phase of hypoxia exposure, pulmonary hypertension, and vascular remodeling were reduced; [22] if provided late in the model, beneficial responses were not observed. [22] In another study using a rodent model of flow associated pulmonary hypertension, early treatment with cromolyn attenuated vascular remodeling, shown by reduced pulmonary artery wall thickness, muscularization, and wall/lumen ratio. [31] However, the effects on the pulmonary vascular bed were not associated with positive effects on RV hemodynamics; in fact there was no improvement in pulmonary arterial pressures and RV hypertrophy. [31] Similarly, Gambaryan et al. used a CXCR4 antagonist and a CXCR7 antagonist to inhibit recruitment of progenitors, including mast cell progenitor in a murine model of hypoxia-induced PH. [21] They showed that when the drugs are used early on before development of PH (preventive strategy), they prevented vascular remodeling, PH, and the perivascular accumulation of c-kit+ progenitors. However, when used to treat established PH, the drugs did not abrogate the vascular remodeling, RV hypertrophy, and increased pulmonary artery pressures. [21] These findings and others [10] suggest that mast cell targeted therapy might work best if early in the course of the disease, and that the primary effect may be attenuation of vascular remodeling and/or vasomotor tone.
In this study, exhaled NO increased at the end of the treatment period. Several studies have shown that NO levels are low in PAH [32, 33] and mechanistically related to dysfunctional vascular endothelium. [34] [35] [36] Furthermore, treatments that decrease pulmonary artery pressures are associated with increase of exhaled NO. [32, 33] Thus, although there was only a slight increase of NO at the end of the study and no significant change in pulmonary artery pressures, the rise in NO suggests a possible vascular effect. Unfortunately, the lack of a control group limits firm conclusions regarding the significance of changes in NO. On the other hand, studies in asthma, which is characterized by high levels of exhaled NO due to airway expression of the inducible NO synthase, [37] demonstrate that NO levels are generally unaffected by cromolyn. [38] Other biological markers changed with therapy, but changes were not consistent. While increase in NO was noted at the end of the study, LTE-4 dropped at Week 8 and VEGF at Week 4. These variable effects could be due to several limitations, including the small sample size, poor bioavailability of drug, and consistency of dose delivery to the lung vascular compartment. Finally, the time of treatment may have been inadequate, i.e., a longer exposure to cromolyn might be required for consistent effects to be apparent.
Overall, our findings support prior reports that point to mast cells in the vascular processes leading to PAH. [9, 10, 17, [20] [21] [22] [23] Further studies are needed to determine if mast cell blockade and/or more potent mast cell targeted therapies early in the course of the disease can impact the angiopathic processes and improve patients' outcome. 
